Fiber dimension and durability are recognized as important features in influencing the development of pulmonary carcinogenic and fibrogenic effects. Using a short-term inhalation bioassay, we have studied pulmonary deposition and clearance patterns and evaluated and compared the pulmonary toxicity of two previously tested reference materials, an inhaled organic fiber, Kevlar para-aramid fibrils, and an inorganic fiber, wollastonite. Rats were exposed for 5 days to aerosols of Kevlar fibrils (900-1344 f/cc; 9-11 mg/m3) or wollastonite fibers (800 f/cc; 115 mg/m3). The lungs of exposed rats were digested to quantify dose, fiber dimensional changes over time, and clearance kinetics. The results showed that inhaled wollastonite fibers were cleared rapidly with a retention half-time of <1 week. Mean fiber lengths decreased from 11 pm to 6 pm over a 1-month period, and fiber diameters increased from 0.5 pm to 1.0 pm in the same time. Fiber clearance studies with Kevlar showed a transient increase in the numbers of retained fibrils at 1 week postexposure, with rapid clearance of fibers thereafter, and retention half-time of 30 days. A progressive decrease in the mean lengths from 12.5 pm to 7.5 pm and mean diameters from 0.33 pm to 0.23 pm was recorded 6 months after exposure to inhaled Kevlar fibrils. The percentages of fibers >15 pm in length decreased from 30% immediately after exposure to 5% after 6 months; the percentages of fibers in the 4 to 7 pm range increased from 25 to 55% in the same period. These data suggest that both inhaled Kevlar and wollastonite fibers have low durability in the lungs of exposed rats, and this may be responsible for the measured differences in toxicity between Kevlar and wollastonite on the one hand, and durable dusts such as silica or crocidolite asbestos fibers on the other. -Environ Health Perspect 102(Suppl 5): 151-157 (1994) 
Introduction
Fiber dimensional characteristics and biopersistence are two of the most important factors in the development of fiber-induced lung disease. Several studies have shown that long, thin, durable fibers are more toxic in vitro and in vivo than short, thin fibers (1) . A Syrian hamster embryo (SHE) in vitro cell system was used to compare normal glass fibers measuring 15 pm with a similar preparation of milled fibers, 2 pm in length (2) . The longer glass fibers were cytotoxic to SHE cells and increased the transforming frequency, but the effects disappeared after milling. In contrast, both long and short crocidolite asbestos fibers were toxic to macrophages in vitro via an oxidant and iron-dependent mechanism (3). This paper was presented at the Workshop on Biopersistence of Respirable Synthetic Fibers and Minerals held 7-9 September 1992 in Lyon, France. This study was supported by Du Pont Fibers.
In vivo studies have also demonstrated a dependence upon fiber length to induce pulmonary pathological effects. When long and short sample preparations of either fiberglass or asbestos were instilled into the lungs of guinea pigs, long fibers of either type produced severe pulmonary fibrosis, while the shorter sample preparations produced no significant effects (4) . In a series of experiments using inhalation exposures, rats were exposed for 1 year to aerosols of specially prepared "short" amosite or chrysotile asbestos fibers <5 pm in length, and the pulmonary fiber-induced effects were compared with preparations of long amosite or chrysotile asbestos fibers, >20 pm long, at similar gravimetric concentrations. One-third of rats exposed to the "long" amosite fibers developed pulmonary tumors or mesotheliomas, and virtually all animals had pulmonary fibrosis. In contrast, the shorter fiber-types produced no significant pulmonary effects (5) . Similar results were reported in the chrysotile study. Following a 1-year inhalation exposure, the long-fiber chrysotile produced a 3-fold increase in the numbers of pulmonary tumors and six times more advanced interstitial fibrosis, compared to the effects produced by the shorter fibers (6) . In contrast to these results, cytotoxic effects were observed following repeated injections of short crocidolite fibers into the peritoneal cavities of mice, when the clearance of these fiber-types was prevented (3) .
Fiber clearance studies following shortterm exposures either to inhaled chrysotile or crocidolite asbestos fibers in rats, have been reported, in which fibers were recovered from digested lung tissue and analyzed for dimensional changes at several postexposure times. Following exposure to crocidolite, there was a progressive increase in mean fiber length over time postexposure, but no significant change in the mean diameter of fibers retained in the lung (7). In the chrysotile-exposed rats, there was a similar progressive increase in mean fiber length but a significant reduction in mean fiber diameter (8) . It appeared that the longer fibers of chrysotile and crocidolite were selectively retained in the lungs of exposed rats, whereas longitudinal splitting, with a corresponding decrease in mean fiber diameter, occurred only with the chrysotile asbestos fibers. These results have been supported by the results of a 2-year intratracheal instillation/fiber clearance study, wherein the lung clearance of short crocidolite fibers was slow and the numbers of crocidolite fibers longer than 5 pm did not decrease over a period of one year. In contrast, the numbers of retained Environmental Health Perspectives 
Materials and Methods

General Experimental Design
Groups of 8-week-old male Crl:CD BR rats (Charles River Breeding Laboratories, Kingston, NY) were exposed 6 hr/day for 5 days to aerosols of Kevlar in concentrations ranging from 877 to 1344 f/cc (9) (10) (11) mg/m3), or to wollastonite fibers at 835 f/cc (114 mg/m3). Following exposure, groups of 3 to 4 animals and aged-matched controls were evaluated at 0, 24, or 72 hr, 1 week, 1, 3, or 6 months postexposure. Additional groups of three to four animals/time point were used for lung digestion studies.
Fiber Preparations
Ultrafine respirable-sized Kevlar paraaramid fibrils (DuPont Fibers, E. I. du Pont de Nemours, Willmington, DE), prepared for a 2-year inhalation study (11) , were utilized for this study. A preparation of Wollastonite NYAD-G fibers ( (12, 13) .
Bronchoalveolar lavage procedures (14) were repeated five times or until 50 ml of fluid was collected. Lavage fluids recovered from control and dust-exposed rats were centrifuged at 250g, and the supernatant were not significantly different from control values after 1 month or at any later time.
Enzyme and Protein Analyses in BAL Fluiids
Transient increases in BAL LDH, protein, alkaline phosphatase and NAG values were measured in the rats exposed to fibers for 5 days. However, no significant increases in these parameters were measured after one week (Figures 1,2 ).
Cell-labeling Studies and
Histopathogy No significant differences in the labeling index of lung parenchymal cells were detected between Kevlar or wollastoniteexposed rats and their corresponding controls at any time period (Table 2) .
Increased BrdU-labeling of terminal bronchiolar cells in Kevlar-exposed rats was measured immediately after exposure. However, no significant differences were observed later, indicating that this effect was transient. Histopathologic analysis at 3 months postexposure indicated that neither fiber produced pulmonary lesions.
Fiber Clearance Studies
Clearance studies demonstrated a transient increase in the numbers of retained Kevlar fibrils at 1 week postexposure, with rapid clearance of fibers thereafter (Figure 3 ). The retention half-time was <30 days ( Table 3) . Mean fiber lengths and diameters decreased progressively with time over a 6-month postexposure period. Mean fiber lengths decreased from 12.5 pm to 7.5 pm and mean fiber diameters, from 0.33 pm to 0.23 pm (Table 3 ) ( Figure  4A ,B). Wollastonite fibers were cleared rapidly from the lungs of exposed animals with a retention half-time of <1 week ( Figure 5 ). Mean fiber lengths decreased from 11 pm to 6 pm over a 1-month period, but mean fiber diameters increased from 0.5 to 1.0 pm (Table 3 ) ( Figure  6A ,B).
Discussion
The finding of increased numbers of retained fibers at 1 week postexposure in Kevlar-exposed rats may relate to fiber shortening during the first week after exposure. Mean fiber lengths recovered from digested lung tissue decreased from 12.5 pm to 7.5 pm, over a 6-month post exposure period, and mean fiber diameters, Figure 6 . Scanning electron micrographs of wollastonite fibers (arrows) recovered from the digested lungs of an exposed rat: (A), immediately after a 5-day exposure; (B), 1 month postexposure. Rat lungs were digested with a hypochlorite solution.
Volume 102, Supplement 5, October 1994 155 from 0.33 pm to 0.23 pm. These results suggest that Keviar fibrils are shortened in the lungs of exposed rats, indicating a different pulmonary clearance mechanism from that associated with either chrysotile or crocidolite asbestos; in both of these fiber-types the mean lengths of inhaled fibers was progressively increased (7, 8) .
The wollastonite clearance data presented here confirm the recently reported results of studies using intratracheal instillation methods of exposure (18) . In that study, the durability of instilled wollastonite, crocidolite asbestos, and glass fibers were evaluated in lung tissue from exposed rats. The retention half-times for three wollastonite samples were 10, 1 1, and 12 days. The retention half-times for different glass fiber samples ranged from 38 to 238 days; and the clearance of crocidolite was insignificant, with a half-time rate of 1000 days. When a correlation between durability of fibers in the lung and carcinogenic potency was sought in the intraperitoneal test, the data supported the hypothesis that long, thin, and durable fibers are capable of inducing tumors.
Wollastonite fibers are composed primarily of calcium silicates, which are soluble in lung fluids and within cells. Conceivably, the thinner calcium-containing wollastonite fibers were quickly solubilized and cleared following inhalation, while the thicker wollastonite "stumps" ( Figure 5B ) were more difficult to clear from the lung.
Fiber dimension and durability generally have been recognized as important features in influencing the development of carcinogenic and fibrogenic effects in the lungs of exposed animals. Stanton et al. (19) have proposed that fibers >10 pm in length and <0.25 pm in diameter have the greatest potential for producing lung tumors. Similar conclusions can be drawn from recent studies with silicon carbide whiskers and fibers (20, 21) . Inhalation of these durable materials produces severe pulmonary fibrosis and lung tumors, while nonfibrous silicon carbide particles are regarded merely as nuisance dusts (22) .
A short-term inhalation bioassay has been developed to assess the potential for inhaled particles or fibers to produce pulmonary fibrosis. This screen has utilized a series of biomarkers that may predict the progression of fiber-induced pulmonary injury following chronic exposures. In previous studies, the efficacy of this short-term inhalation screen was tested by exposing rats to several concentrations of various reference materials, including known fibrogenic dusts such as ao-quartz silica (15) and crocidolite asbestos (13) , as well as materials with minimal or moderate biological activity such as titanium dioxide, carbonyl iron particles (15) , or carbon fibers (23). Short-term exposure of rats to silica or crocidolite asbestos produced sustained pulmonary inflammatory responses. In contrast, exposures to wollastonite or Kevlar fibrils, which have low biopersistence, produced only transient inflammatory effects. In summary, short-term inhalation of durable fibers produces sustained pulmonary inflammatory effects along with consistently elevated indicators of cytotoxicity and consequent pulmonary lesions, while only transitory effects are produced by fibers of low biopersistence.
